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The homeobox gene otx2 is a key regulator for specifying the rostral part of the vertebrate head. In Xenopus, otx2 directly
ontrols the differentiation of the cement gland, the anterior-most organ formed in the tadpole. Since embryos of a direct
eveloping frog, Eleutherodactylus coqui, lack a cement gland, we are interested in whether altered expression of the otx2
ene is involved in this evolutionary change. We have cloned the E. coqui homologue of otx2, Ecotx2. The homeodomain
f the Ecotx2 protein is identical to the mouse and zebrafish Otx2 proteins and differs by a single amino acid from the
enopus Otx2 protein. Study of the spatiotemporal expression pattern shows that Ecotx2 RNA is progressively restricted
o the anterior region of the embryo during gastrulation and becomes further restricted to the future forebrain and midbrain
uring neural development. In Xenopus, in addition to the conserved expression in the anterior neuroectoderm, the
xpression in ectoderm expands more anteriorly to the cement gland primordium. This anterior expansion of otx2
xpression is not found in E. coqui, correlating with the loss of a cement gland. When misexpressed in Xenopus laevis
ctoderm, Ecotx2 can activate expression of the cement-gland-specific genes XCG and XAG1, indicating that the function
f activating the pathway of cement gland formation is retained by the Ecotx2 protein. Our results indicate that there are
odifications in the pathway of cement gland formation, upstream of otx2 expression, in the development of E.oqui. © 1999 Academic Press
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A biphasic life history is common in many species of
anuran amphibians and is considered primitive. Neverthe-
less, alternate modes, such as direct development, exist
among anurans (Duellman and Trueb, 1986; Wake, 1989).
The most extreme cases of direct development are found in
the genus Eleutherodactylus (Lynn, 1942; Townsend and
Stewart, 1985), and Eleutherodactylus coqui is the most
studied species in recent years (Elinson, 1990, 1994; Han-
ken et al., 1992; Moury and Hanken, 1995; Callery and
Elinson, 1996; Fang and Elinson, 1996; Schlosser and Roth,
1997). The evolutionary shift of developmental mode from
biphasic to direct development leads to the loss in E. coqui
of most structures typical of tadpoles. An intriguing ques-
tion is what are the underlying molecular and developmen-
tal mechanisms that led to the evolution of direct develop-(1 To whom correspondence should be addressed. Fax: (416) 978-
3678. E-mail: hfang@zoo.utoronto.ca.
0012-1606/99 $30.00
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which control formation of tadpole-specific structures
should shed light on this issue.
The cement gland is the most anterior organ of the
tadpole head and is among the structures which have been
eliminated from the development of E. coqui. In biphasic
rogs such as Xenopus laevis, the cement gland is derived
rom the presumptive ectoderm by inductive tissue inter-
ctions, leading to localized activation of transcription
actors (reviewed by Sive and Bradley, 1996). We had previ-
usly shown that E. coqui lacks an anterior domain of
istal-less gene expression, which is associated with ce-
ent gland formation in tadpoles (Fang and Elinson, 1996).
everal lines of data show that the homeobox gene otx2
lays a key role in cement gland formation in X. laevis.
enopus otx2 (Xotx2) is expressed in the prospective ce-
ent gland anlage, and Xotx2 RNA injected into fertilized
. laevis eggs leads to formation of ectopic cement glandsBlitz and Cho, 1995; Pannese et al., 1995). Overexpression
of Xotx2 RNA in ectodermal explants induces expression of
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234 Fang and Elinsoncement-gland-specific genes as well as differentiation of
cement gland cells. Recently, Gammill and Sive (1997)
reported that Xotx2 controls cement gland differentiation
directly by regulating downstream cement-gland-specific
genes such as XCG. They have also shown that failure to
xpress Xotx2 is partly responsible for suppression of ce-
ent gland formation by retinoids. Xotx2 expression seems
o be sufficient for induction of the cement gland in
enopus ectoderm.
Theoretically, events which lead to the elimination of
ement gland formation in E. coqui development can be
ither upstream or downstream of otx2 expression. A pos-
ible upstream event is the failure of otx2 expression in the
rospective cement gland primordium, anterior to the neu-
oectoderm. A possible downstream event is a blockage in
he gene regulatory pathway between the otx2 gene and
ement-gland-specific genes. In the latter situation, otx2
ay still be expressed in the cement gland primordium;
owever, it cannot activate downstream target genes which
re important for cement gland differentiation.
In this study, we examined the spatiotemporal pattern of
tx2 gene expression in the E. coqui embryo. We demon-
trate that the lack of a cement gland in E. coqui is
orrelated with the loss of an otx2 expression domain
ssociated with the cement gland primordium of tadpoles.
e also demonstrate that the ability of E. coqui otx2 to
unction in the pathway of cement gland formation has
een evolutionarily conserved.
MATERIALS AND METHODS
Animals
Sources of frogs and methods for obtaining eggs were as de-
scribed before (Fang and Elinson, 1996). Embryos of X. laevis were
staged according to Nieuwkoop and Faber (1994), while embryos of
E. coqui were staged according to Townsend and Stewart (TS)
1985). E. coqui embryos at stages earlier than TS3 were staged
ccording to the Shumway (Sh) (1940) table for Rana pipiens.
Molecular Cloning of Ecotx2 DNA Fragments by
PCR
Several PCR primers were used in cloning the otx2 gene of E.
coqui; they were designed based on a comparison of the X. laevis
Xotx2 (Blitz and Cho, 1995) and the zebrafish zotx2 (Li et al., 1994)
genes (Fig. 1). The sequences of these primers were as follows: P1,
59-AGCATGATGTC(GT)TATCT(AC)AAG-39; P2, 59-CACTT(AT)-
GC(CT)C(TG)(TG)CG(AG)TT(CT)TT(AG)-39; P3, 59-TCC(AC)G(AGT)-
GT(AG)CAGGTITGGTT(CT)AA(AG)AA-39; and P4, 59-AAIAC-
(TC)TG(AG)AA(TC)TTCCA(TAGC)GA(TAGC)GA(TAGC)GT-39.
cDNA was obtained by reverse transcription of total RNA,
isolated from E. coqui embryos of stage TS5. PCR was performed in
a 25-ml reaction volume containing 20 pmol of each primer, 200
mM each dNTP, and 2 units of Taq polymerase (Gibco BRL) in 10
mM Tris–HCl (pH 8.3), 50 mM KCl, 4 mM MgCl2. The reaction
mixture was subjected to 35 amplification cycles of 1 min at 94°C,
50°C, and 72°C. Five minutes extension at 72°C was applied to the
final cycle. A fragment, about one-third of the 59 upstream region of
p
D
Copyright © 1999 by Academic Press. All rightthe coding sequence, was amplified by using P1 and P2. The
remaining two-thirds of the coding sequence was amplified by
using P3 and P4. The entire coding sequence was amplified by
using P1 and P4. PCR-amplified DNA fragments were subcloned
into the Bluescript plasmid vector at the EcoRV site (Stratagene).
Nucleotide sequences were determined using a Sequenase kit
(USB). Sequences of these clones indicated that all clones repre-
sented the otx2 cDNA sequence of E. coqui.
Microinjections and Explant Culture
Capped synthetic RNAs were generated by in vitro transcription.
emplates for sense RNA syntheses were as follows: Xotx2 (Blitz
nd Cho, 1995), pSp6nucbgal (Smith and Harland, 1991), and
p64T-Ecotx2. Sp64T-Ecotx2 was constructed as follows: the entire
oding sequence of Ecotx2 was excised from the original vector
Bluescript KS) by digestion with HincII and SmaI and inserted to
he BglII site (end-filled) of the vector pSp64T which contains
lobin 59-UTR and 39-UTR (Krieg and Melton, 1984). All RNAs
ere purified by LiCl precipitation, washed extensively with 70%
thanol, and resuspended in distilled H2O. Xenopus embryos were
njected using a Drummond “Nanoject” apparatus at two- to
our-cell stage at sites near the animal pole (animal cap experi-
ents) in 5% Ficoll in 100% Steinberg’s solution. RNA (1.8 to 2.8
g per embryo) was injected. They were allowed to develop to early
lastula stage in this solution and then transferred to 20% Stein-
erg’s solution. Animal caps of X. laevis were microdissected at
ate blastula stage (stage 8.5–9) and cultured in 0.53 MBS.
RT-PCR
RNA was extracted using the method of proteinase K digestion/
LiCl precipitation and subsequently digested with RNase-free
DNase to remove genomic DNA. Two micrograms of total RNA
isolated from intact embryos or explants was reverse transcribed at
37°C for 1 h using random hexamers and MMLV-RT (Gibco BRL) in
a 50-ml reaction volume. cDNA was then amplified by PCR in a
5-ml reaction volume containing 10 pmol of each primer. The
oligos used for RT-PCR assays were as follows: XAG1 upstream,
9-GAGTTGCTTCTCTGGCAT-39; downstream, 59-CTGACTG-
TCCGATCAGAC-39 (Blitz and Cho, 1995); and EF-1a upstream,
59- CAGATTGGTGCTGGATATGC-39; downstream, 59-ACTGC-
TTGATGACTCCTAG-39 (Hemmati-Brivanlou and Melton,
994).
Whole-Mount in Situ Hybridization
Whole-mount in situ hybridization was performed according to
Harland (1991). Probes were labeled with digoxigenin–UTP
(Boehringer-Mannheim). Ecotx2 was BamHI linearized and T7
transcribed; XCG (Sive et al., 1989) was NotI linearized and T3
transcribed.
RESULTS
Cloning of the E. coqui otx2 Gene
The PCR primer pair P1/P4 (Fig. 1) was chosen to span the
entire protein sequence of Xenopus Otx2. A band of ap-
roximately 900 bp was obtained by PCR amplification, and
NA from this band was cloned and sequenced. A fragment
s of reproduction in any form reserved.
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dently by using P1/P2 and P3/P4 primer pairs, respectively,
and were cloned and sequenced. Sequences of these clones
indicated that all clones represented the same otx gene of E.
coqui. Comparisons of the entire coding sequence of the E.
coqui DNA with members of otx gene families of other
vertebrates revealed that the E. coqui DNA is most similar
(82%) to the Xenopus Xotx2 gene and also quite similar to
the zotx2 gene of zebrafish (75%). At the peptide level, the
E. coqui Otx coding sequence is 84% identical to the mouse
and human Otx2 proteins, 83% identical to the Xenopus
Otx2 protein, and 80% identical to the zebrafish Otx2
protein. The percentage of identity decreases significantly
when the deduced peptide sequence of E. coqui Otx was
compared to zebrafish Otx1 (55%), mouse Otx1 (52%),
human Otx1 (51%), and zebrafish Otx3 (54%). The home-
odomain of the E. coqui Otx protein is identical to the
mouse and zebrafish Otx2 proteins and differs by a single
amino acid from Xenopus Otx2 protein. A replacement of
valine with isoleucine at position 15 is found in the
homeodomain of Xenopus Otx2 (Fig. 1). The homeodo-
mains of Otx2 protein of mouse, Xenopus, and zebrafish
and of the E. coqui Otx share an alanine residue at position
11, while homeodomains of Otx1 of mouse, rat, and ze-
brafish share a serine residue instead at the same position.
FIG. 1. Comparisons of the deduced amino acid sequences of the
Bold letters indicate an insertion of four amino acids (MFSA) loca
valine to isoleucine, found in the Xotx2 homeodomain. The black
was found in Ecotx2. PCR primers, P1 to P4, are also illustrated; tTaken together, the conservation in both peptide and DNA
sequences strongly suggests that the DNA fragment we
R
t
Copyright © 1999 by Academic Press. All righthave cloned represents the otx2 gene of E. coqui and
therefore was designated as Ecotx2. An insertion of four
amino acids, met-phe-ser-ala (MFSA), is found in the se-
quence of Ecotx2 protein between position 34 and 37 from
the N-terminus (Fig. 1). This insertion is unique for the
Ecotx2 protein, since it has not been found in Otx2 proteins
of mouse, chick, zebrafish, and X. laevis.
E. coqui Lacks an otx2 Expression Domain Which
Corresponds to the Cement Gland Primodium in
Tadpole
In X. laevis, expression of the Xotx2 gene was found in
the forebrain/midbrain region and in the cement gland
which is anterior to the rest of the head (Fig. 2D). This
anterior-most expression domain of Xotx2 is considered to
be important in cement gland formation in Xenopus (Blitz
and Cho, 1995; Pannese et al., 1995). We asked whether this
otx2 expression domain still exists in E. coqui. We reasoned
hat the existence of this expression domain would suggest
hat the events which led to the loss of cement gland in E.
oqui were downstream of otx2 expression, while the
bsence of this expression domain would argue for up-
tream events.
We examined the spatiotemporal expression of Ecotx2
tx2, Xotx2, and zotx2 gene products. The homeodomain is boxed.
pstream of the Ecotx2 homeodomain and an amino acid change,
gle indicates the position where a deletion of a single amino acid
ere used for PCR cloning of Ecotx2 cDNAs.Eco
ted uNA using whole-mount in situ hybridization. At midgas-
rula (Sh12), Ecotx2 RNA is detected in the presumptive
s of reproduction in any form reserved.
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236 Fang and Elinsonanterior neuroectoderm (not shown). In open neural plate
stages (Sh13), Ecotx2 RNA is expressed in a narrow strip
crossing the most anterior region of the neural plate (Fig.
2A. rom the neural fold stage to the closure of the neural
tube, Ecotx2 expression becomes restricted to the region of
the forebrain and midbrain (Figs. 2B and 2C), and this
expression pattern persists until later stages of embryogen-
esis.
Comparison of Ecotx2 expression in E. coqui embryos
ith Xotx2 expression in X. laevis embryos reveals that the
xpression in the region of the forebrain/midbrain is con-
erved in these two species. However, the expression of
otx2 RNA in the ectoderm expands anteriorly to the
ement gland primordium (Fig. 2D). This anterior expan-
ion of otx2 expression is not observed in the E. coqui
mbryo (Figs. 2A–2C), suggesting that there are evolution-
ry changes upstream of Ecotx2 expression in E. coqui
evelopment. The correlation between lack of an otx2
xpression domain and a cement gland in E. coqui also
grees with the notion that endogenous otx2 expression is a
rerequisite for cement gland formation (Gammill and Sive,
997).
Ecotx2 Can Activate the Pathway for Cement
Gland Formation in X. laevis Ectoderm
In X. laevis, the cement gland marker genes XAG1 and
CG are activated in response to Xotx2 (Blitz and Cho,
1995; Pannese et al., 1995), with XCG being a direct target
f Xotx2 (Gammill and Sive, 1997). To see whether Ecotx2
till retains the function of activating cement-gland-
pecific genes, we tested the effect of Ecotx2 on X. laevis
ctoderm.
X. laevis embryos were injected with Ecotx2 mRNA at
he two- to four-cell stage at sites near the animal pole.
nimal caps were dissected at late blastula (stage 8.5–9.0)
nd were allowed to develop in 0.53 MBS until control
mbryos reached stage 25–26. Expression of the cement-
land-specific gene XCG was assayed by in situ hybridiza-
ion (Fig. 3). XCG gene expression was observed in the
nimal caps injected with Ecotx2 mRNA (44/72) (Fig. 3A),
ut was rarely detected in uninjected animal caps (3/56)
Fig. 3C). Animal caps injected with Xotx2 mRNA served as
ositive controls, and 39/65 were XCG positive (Fig. 3B).
imilar results were obtained when expression of another
FIG. 2. Embryonic expression of Ecotx2. (A–C) Whole-mount in
Ecotx2. The entire yolk mass has been removed to increase access
early neurula (Sh13) with expression localized in a narrow band c
indicate the lateral limits of Ecotx2 expression in the neural plate.
Ecotx2 expression is confined to the future forebrain and midbrain.
of a late neurula of X. laevis, hybridized with a DIG-labeled Xotx2 p
xpression in E. coqui (C), with the caudal limit to the mid-/hi
xpression domain, corresponding to the cement gland primordium (CG
ot found in E. coqui.
Copyright © 1999 by Academic Press. All rightement gland marker, XAG1, was examined by RT-PCR
Fig. 4). An increase of XAG1 gene expression was detected
n both Ecotx2- (Fig. 4, lane 3) and Xotx2- (Fig. 4, lane 4)
njected animal caps. A small amount of XAG1 expression
as also detected in uninjected animal caps (lane 2), as had
een reported previously (Blitz and Cho, 1995; Lamb and
arland, 1995) and presumably due to the medium used for
xplant culturing (Lamb and Harland, 1995). Our results
ndicate that Ecotx2 can activate both XCG and XAG1 in
the isolated ectoderm of X. laevis, indicating that the
function of activating the pathway of cement gland forma-
tion is retained by the Ecotx2 protein.
DISCUSSION
Cement gland determination results from localized acti-
vation of transcription factors that regulate its subsequent
differentiation. Xotx2 is a key regulator in the activation of
cement gland formation in X. laevis (Blitz and Cho, 1995;
Pannese et al., 1995; Gammill and Sive, 1997). Our study
has uncovered a developmental change which may have led
to the elimination of the cement gland in the evolution of E.
coqui, namely the loss of an anterior domain of otx2
xpression. As the anterior expansion of otx2 expression in
ront of the neural plate is not found in any other chordates,
ncluding mouse, chick, zebrafish, and amphioxus (Sime-
ne et al., 1992, 1993; Bally-Cuif et al., 1995; Li et al., 1994;
Williams and Holland, 1996), the extension of Xotx2 ex-
pression to the cement gland in X. laevis is likely an
volutionary novelty for tadpoles. The cement gland is a
ypical structure for tadpoles, although otx2 expression has
nly been reported for X. laevis. Since direct development is
erived from biphasic development (Duellman and Trueb,
986; Wake, 1989), the cement gland domain of otx2
xpression probably existed in the biphasic ancestor of E.
oqui, but was lost in E. coqui.
Alteration of Events Upstream of otx2 Expression
in E. coqui
The correlation between the lack of a cement gland and
the loss of a corresponding domain of gene expression was
also seen in our previous study on two E. coqui Distal-less
genes, EcDlx2 and EcDlx4 (Fang and Elinson, 1996). As with
hybridization using a digoxygenin (DIG)-labeled probe specific for
y of probes. In all panels, anterior is to the left. (A) Top view of an
ng the most anterior region of the neural plate (np). Arrowheads
astopore. (B, C) Top views of mid- (Sh15) and late neurulae (Sh16).
s indicate the caudal limits of Ecotx2 expression. (D) Lateral view
The expression of Xotx2 in the neuroectoderm is similar to Ecotx2
in junction (m/h; Blitz and Cho, 1995). However, an additionalsitu
ibilit
rossi
b, bl
Arrow
robe.
ndbra), is detected in X. laevis. This anterior-most expression of otx2 is
s of reproduction in any form reserved.
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237otx2 Expression in a Direct Developing FrogEcotx2, EcDlx2 and EcDlx4 are not expressed in the region
corresponding to the cement gland primordia of tadpoles,
IG. 3. Ecotx2 RNAs activate XCG gene expression in X. laevis
ybridization. (A) Animal cap explants from embryos injected with
C) Explants from uninjected embryos. XCG transcripts were detec
ninjected explants nor b-gal RNA-injected explants (not shown).although their X. laevis homologs X-dll3 and X-dll4 are
expressed. Together, these results suggest that developmen-
Copyright © 1999 by Academic Press. All righttal events which lie upstream of the expression of otx2 and
Dlx2/4 in the cement gland were modified in E. coqui. One
al caps. XCG expression was analyzed by whole-mount in situ
tx2 RNAs. (B) Explants from embryos injected with Xotx2 RNAs.
both Ecotx2-injected and Xotx2-injected explants, but in neitherF anim
h Ecopossible upstream modification is that the inducing signals
which turn on the expression of Ecotx2, and probably
s of reproduction in any form reserved.
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238 Fang and ElinsonEcDlx2/4, are absent in the region anterior to the neural
plate in E. coqui. A second possibility is that the respon-
siveness of the E. coqui ectoderm to the inducing signals
has changed, so that the ectoderm anterior to the neural
plate is no longer able to express Ecotx2 and EcDlx2/4
under normal developmental conditions. Results from our
previous heteroplastic transplantation and recombination
analyses led us to suggest that changes in the responsive-
ness of E. coqui ectoderm were more likely. E. coqui tissues
retained the ability to induce Xenopus ectoderm to form a
cement gland, but the E. coqui ectoderm failed to form a
cement gland in response to inducing signals provided by
tissues of X. laevis or R. pipiens (Fang and Elinson, 1996).
Recent advances on neural induction have raised a third
possibility for the upstream modification in E. coqui. Sev-
eral lines of evidence suggested that the BMP molecule(s)
mediates the choice between neural and epidermal fates in
the ectoderm (reviewed in Hemmati-Brivanlou and Melton,
1997; Weinstein and Hemmati-Brivanlou, 1997; and Sasai
and De Robertis, 1997). In X. laevis, specific expression of
genes at the neuroectoderm/epidermis boundary in the
anterior region of the embryo appears to be regulated by
competitive interactions between neural inducers, such as
noggin and chordin, and ventralizers, such as BMP-4 (Pic-
colo et al., 1996; Zimmerman et al., 1996; Wilson et al.,
1997). Theoretically, modification of the concentration
gradients of ventralizers and neural inducers could have led
to the loss of the cement gland in E. coqui. For instance, a
gradient of noggin protein over many cells may be set up at
the edge of the presumptive neuroectoderm in X. laevis, and
the low level of noggin at one end of the gradient would lead
to Xotx2 expression and cement gland formation. Con-
versely, a steep gradient of noggin protein may be estab-
lished in E. coqui, leading to neural development on one
FIG. 4. Ecotx2 RNA injections activate expression of cement
gland marker XAG1. XAG1 expression was analyzed by RT-PCR
sing EF-1a as a control. XAG1 expression was elevated in animal
cap explants injected with Ecotx2 RNAs (lane 3) or Xotx2 RNAs
lane 4). A small amount of XAG1 transcripts was also detected in
ninjected explants (lane 2).side and epidermal development on the other, with no
intermediates.
Copyright © 1999 by Academic Press. All rightConservation of Regulatory Functions of the
Ecotx2 Protein
We have demonstrated that the Ecotx2 protein can acti-
ate expression of two cement-gland-specific genes, XCG
nd XAG1, in ectodermal explants of X. laevis. On the one
and, this result is not a surprise, as XCG expression in X.
aevis embryos occurred in response to the ectopic expres-
ion of mouse Otx2 (Pannese et al., 1995). Nonetheless, the
ctivity of Ecotx2 rules out a potential explanation for the
ack of a cement gland in E. coqui.
It remains interesting to know whether other steps of the
ement gland pathway, downstream of Ecotx2 expression,
emain functional in E. coqui. One such intermediate step
ould be the expression of the E. coqui homolog of XCG, a
direct target of otx2 in X. laevis. It will be difficult,
however, to find this homolog as no homologs of XCG are
currently known in other frog species.
In conclusion, the lack of an ectodermal domain of otx2
anterior to the neural tissue in E. coqui is a sufficient cause
for the absence of a cement gland. The lack of this anterior
domain is not likely due to the lack of a specific cement
gland inducer, as almost all molecules that can cause
cement gland formation are also involved in anterior neural
development and therefore are likely present in E. coqui. A
possible exception that remains to be explored is XAG2, a
secreted protein which was demonstrated recently to in-
duce cement gland (Aberger et al., 1998). Its homologues
outside of X. laevis have not been reported. We favor the
idea that a cellular characteristic of the E. coqui ectoderm
has changed. This change, perhaps imposed by BMP4,
prevents the establishment of low levels of neural inducers
which are conducive to cement gland development. In
addition to the cement gland, E. coqui lacks other tadpole-
specific tissues at the neural–epidermal boundary, includ-
ing hatching gland and lateral line organs. Our current
hypothesis is that the inability of E. coqui to maintain low
levels of neural inducers along the neural–epidermal
boundary has led to the absence of a set of tadpole-specific
tissues.
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